Introduction
Multi-agent engineering systems are ubiquitous. Their control is challenging [9] . A specific category of multi-agent systems are the smart surfaces [4] , manipulator arrays replacing traditional manipulators in industrial applications specifically at the micro-scale. Fig. 1 . Image of the bristles fabricated to emulate natural cilia. This design is used as an alternative to the membrane design described in [13] Typical manipulation tasks in industrial environments are being performed by classic 6-DOF manipulators. These robots are often very large, and can manipulate objects varying in size but are smaller than the manipulator itself. Typical arrangements of these manipulators are either as single units or in small groups, where collaborative tasks are achieved by properly planning the spatial trajectories of the individual units. Given the small number of agents involved the planning tasks can be solved analytical. Recently another class of manipulation tasks emerged: the micro-assembly or assembly on the molecular level. This novel field of manipulation leads to the creation of massive arrays of distributed small manipulators. The most common types are based on airjets [8] , vibration based solutions [22] and micro electro-mechanical systems (MEMS) [10] .
The actuators used by these systems are small, weak and inexpensive, but by using cooperative control, they are able to manipulate object much larger than their own size. Some types of cooperative control of smart surfaces has been analysed in [5, 18] . A manipulation based on cooperative behaviour in Cellular Automata (CA) has been studied in [12, 14] . Presently we explore similarities of waves propagating in CA to biological cilia, like the ones found in Paramecium, and cilia controlling signalling [21] and how the latter allows the emergence of collaborative behaviour between the actuators of the prototype system developed in [13] , and the bristled version as seen in Fig. 1 . The artificial cilia of the hardware behave in a coordinated manner via excitation waves and propagating self-localised excitations that are travelling in the underlying CA lattice.
Biological Coordination
Coordination of multiple activities is amongst most intriguing mechanisms of natural systems [16] . It is still unclear how biological systems are coordinated to produce specific behaviours. To answer this question the mechanics of spatialtemporal patterns have been investigated in different systems. The main idea is that chemical signalling mechanisms [7] are being used to produce these behaviours.
Of particular interest are the mechanisms that govern the operation of cilia. Cilia are organelle structures found in single-cell organisms used for propulsion, like in Paramecium Figs. 2(a), and manipulate particles of food, including other bacteria, towards the Paramecium's mouth pore. The latter is also the task by which the proposed artificial system will be evaluated. In multicellular organisms cilia are used as part of other systems, e.g. in the trachea for cleaning the incoming air from dust and small particles. The intriguing structure of a cilium has inspired building and control of artificial ones as flow generators. The fabrication technics involve, among other, magnetically actuated structures [11] and soft, electro-active polymer approaches [20] .
The cilia coordination has been investigated in order to establish how the combined action of arrays of cilia produce effective fluidic flows that are propagating objects. The coordinated action of adjacent cilia and the break of symmetrical beating was analysed to establish the dynamics of macroscopic flow [15] . Also, phase-oscillator descriptions of the hydrodynamics interaction of beating cilia arrays have been formulated to allow the analytical investigation of cilia coordination [19] . The recurring subject of metachronal waves, Figs. 2(a), 2(b) and how this type of wave formation creates the maximum effective flow is analysed in [2] .
Further to the signalling procedure that leads to the cooperative operation of cilia, the shape of the resulting flow, and related force vector, has influenced the current research. It has been proposed and demonstrated in modelling, that the 3D fluidic flow around an actuated cilium has the shape of a 3D vortex [6] . The 2D component of this motion generates the common shape of vortex with the vectors of acting forces rotating around a centre and converging to the generative specific spot, i.e. the cilium. The latter is the inspiration for the model that is used for describing the hardware behaviour of the system in [13] .
3 Cooperative smart surface
Cellular Automata
It has been proposed that reaction-diffusion (RD) models can provide a framework to analyse signal propagation in biological systems [17] . The intrinsic simplicity of the RD approach facilitates simulation of the chemical and fluid dynamics of the cilia signalling methods that lead to their cooperative functionality. Based on this observation, CA as a form of modelling RD, are being used in this research to model the signals used for cilia coordination. CA are a type of distributed embedded controller that, via the state changing rules patterns emerge demonstrating collaborative performance. The investigation of the emerging patterns in CA have been extensively investigated for their information processing abilities [1] .
In previous work we used the 2 + -medium ruleset as the controller of the smart surface [12, 14] . In brief, the neighbourhood of this ruleset is 3 × 3 cells and the rules are as follows; each cell, x of a 2D lattice L, can take three states, resting (·), excited (+) and refractory (−), for this manuscript whenever a CA lattice is depicted in a figure resting state will be black, excited state will be grey and refractory state will be white. A resting cell is excited if the number of excited neighbours is exactly two. An excited cell takes refractory state and a refractory cell takes a resting state unconditionally:
where u(x) = {y = x ∈ L : |x − y| ≤ 1} and χ(y, +) = 1 if y = + and 0, otherwise. In this ruleset self-localisations, or wave-fragments, having an excited front, two cells being in the excited state (+ or grey in the pictures), and a refractory tail, two cells being in the refractory state (− or white in the pictures), travel in straight lines. These excitation waves can be considered analogs of metachronal waves that are traveling in the lattice. As shown in Fig. 3 , ten wave-fragments traveling in a line are behaving in a similar manner to the waves in cilia of Fig. 2(b) . Fig. 3 . Excitation waves travelling in a 40×2 cylindrical lattice. The 'equivalent' cilia metachonal wave is depicted below the CA states (grey is excited, white is refractory and black is resting).
Under the CA states is a side view of the 'equivalent' cilia. Each cilium can take central, left or right position. Although the beating pattern, the bending of the cilium, is simpler that in nature, the intended behaviour is emerging from the phenomenology of the wave propagation.
Actuators and coupling with CA
In order to achieve the vortex generation method of the cilia in 2D, we use vibrating motors interconnected using a flexible membrane. Each motor can rotate in both directions, clockwise and counter-clockwise. This directional operation modes, plus being off are mapped with the three CA states. Hence resting state (·) is mapped as motor off, excited (+) is mapped as motor CW and refractory (−) is mapped as motor CCW, The motors are designed to vibrate radially, but being positioned on a flexible platform allows them to vibrate slightly in the axial direction. A more detailed description of the hardware can be found in [13] .
The combination of the axial and radial vibrations create the vortex shaped force field on Fig. 5(a) . This is similar to the 2D components of the vortexes generated by cilia bitting in fluids [6] . The generated force field is created by the rotation of a single motor. With arrows are the vectors of the force in specific position on the top of the membrane. The length of the vector represents the magnitude of the force at the point. As it is expected, the closer a vector is to the motor the higher the exerted forces are. If the forces are negligible no vector is shown (blank space in the figures).
In order to achieve controllable collaborative behaviour the CA states and the motor commands need to be mapped. This connection is straightforward since the three states of the CA can be connected with the three states of the motor. The resting state is connected with the motor being off, while excited and refractory are arbitrarily selected as motor rotating clockwise (CW) and motor rotating counter-clockwise (CCW) respectively.
Actuator Cooperative Behaviour
To demonstrate similarities between manipulation methods in Paramecium and our actuator array we chosen a task of transporting 'food' object to a dedicated site of a manipulator, which imitates a 'mouth pore'. We compare three different control actuation signals, single motor, random and metachronal waves in CA. The motor commands were generated using the software APRON and the physical behaviour was simulated in MATLAB. The location of the object is selected randomly and in the lower right corner of the lattice. Since the model is deterministic a single simulation is needed for each of the three signalling methods. [3] is used as the control signals development and simulation environment. It is a real-time, interactive and highly visual simulation platform for working with and debugging 2D arrays of data and rapidly prototyping array based algorithms. APRON scripts treat arrays as a primitive data type, where the user sequentially defines operations between them, and computation is performed in an element-wise manner. Individual elements can be disabled based upon both global and local data and conditions, yielding local autonomy and algorithmic branching with the array. The CA rules were developed in open-loop and a frame of the output from each signalling method is shown Fig. 4 .
APRON. Array Processing enviRONment
MATLAB The information from APRON was then transferred to MATLAB where the generation of the vortex force-field for each motor was generated. To create the total force-field of a single motor a combination of coupled oscillators, (2a) and membrane wave oscillations (2b) was used. The former provided the components for the behaviour of each motor as affected by the rotation of the adjacent motors, while the latter describes the dynamics of the membrane that covers all the motors and connects them.
where, F C (t) is the actuation force (motor's torque), k and p are the spring and damping coefficients of the membrane, m is the mass of the eccentric weight and d,ḋ andd is the displacement, velocity and acceleration along the axis of oscillation. And c is a speed of wave travelling on the membrane, F W is a force generated by the wave and ρ is a density of the membrane's medium. The membrane is considered homogeneous and isotropic. The term pḋ = p ∂z ∂t is again the damping effect of the membrane as in (2a) but in the z axis.
The combined force-field was then used to calculate the displacement and rotation of the object using the equations for normally accelerated motion (3).
(b) Fig. 6 . Object trajectory for random and CA metachronal wave control signal. Initially the object is placed in coordinates (4, 4) in this experiment where x(t), y(t), r(t) are the position and rotation of the object at time t, u x (t) and u y (t) are the linear velocity in the two directions and ω(t) is the angular velocity, and finally, a x (t), a y (t) are the linear and α(t) is the angular acceleration respectively, as calculated by F M = m · a and M M = α(t) · I d , where F M is the resultant force of F C and F W , M M the rotational momentum of this force, and I d the inertia and m the mass of the object. All calculations are performed in specified simulation time intervals, ∆t.
The three different control signals are representing three methods for achieving the task. The first is to enable a single motor (cilium) symmetrically from the location of the object and try to 'pull' the 'food' towards the 'mouth pore', Fig. 5(b) . The second is a randomly generated control signal, Fig. 5(c) , where the 'cilia' are flapping randomly to try to move the 'food' towards the 'mouth pore'. Finally, the third control signal is an excitation wave traveling horizontally on the lattice. The lattice is assumed being a torus and as such the wave is 'wrapping' around from left to right, Fig. 5(d)-5(f) .
Discussion
Analysing the trajectories from the different control signals we can deduce some interesting results regarding the cooperative attributes of the various control signalling.
The single motor approach, with the motor trying to 'pull' the object towards the centre fails even to start moving the object. Investigating the exhibited forces we find that the single motor is not able to exert the friction between the object and the membrane. This is a demonstration that a single 'cilium' fails to achieve the task and some form of cooperative action needs to take place.
The random motor approach overcome the lack of power, since it does move the object from its initial position. Nonetheless, the object is moving in a random path. Furthermore, it might be locked in local attractors that will not coincide with the intended target. Hence, the use of multiple 'cilia' is necessary to produce manipulation, but random 'beating', hence signalling, does not create controllable behaviour.
Finally, the CA excitable/metachronal wave both moves the object and reaches the intended target. The synchronised movement of the motors create the collaborative behaviour that natural cilia create. Hence, this type of control signalling can create controllable collaborative behaviour.
In order to demonstrate the generalisation of the proposed method, in Fig. 6 the trajectory paths of the object from a different location are depicted. As can be easily noted, the random force-field, Fig. 6(a) , exhibits the same random/local attractor behaviour, while the CA metachronal wave, Fig. 6(b) , moves the object towards the target.
Conclusions
Coordination is crucial for the function of biological systems. There is a great deal of research being done in order to unravel the process with which systems of multiple agents are communicating and collaborating, like the case of cilia in the Paramecium. One of the most prominent explanations is the use of metachronal waves to co-ordinate the ciliate movements.
With this work we demonstrated a method to replicate the metachronal waves of cilia utilising reaction-diffusion models of CA. We demonstrated how excitation waves travelling in the CA lattice can phenomenologically model waves in cilia arrays and how this waves can be used as signals to control a prototype actuators array, a smart surface.
Using these metachronal waves in the CA medium the actuators exhibited a controlled collaborative behaviour. The ability to succeed in a simple manipulation task, has been demonstrated through a set of experiments. The metachronal wave control signals were compared with single actuator activation, lacking sufficient force, and random control signalling, lacking controllable manipulation.
Future work could involve developing machine learning and evolutionary computing approaches to investigate the possible collaborative behaviour of the system. Hence, the solutions to the optimal cooperation method can emerge by the analysis of the potential solution space. Furthermore, a consistent understanding of the dynamics of the cooperative behaviour must be investigated. This will be achieved by developing further the vortex modelling for the actuators. Also, a connection of the modelled behaviour with the hardware described in [13] will prove the suitability of the approach under real-world conditions. Furthermore, the potential of the proposed method to be used as a generic controller for other system should be investigated. Especially as a solution for scalability issues in multi-agent systems, since the metachronal CA-generated wave can inherently scale without increasing the complexity of the underlying hardware.
